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I. Introduction

The attempt to synthesize cyanic acid from ammonia and wmethane or
other gaseous hydrocarbons is not new, and there are numerous reports
and patents on the subject. The first well knowm method consists of
synthesis from methane, smmonia, and air or oxygen passed over a hot
screen made of a platinum group metal, according to the reaction indicated
in Eq. (1). This technique stems from Andrussow's basic research(l), and
the reaction is exothermic and similar to that for mitric acid synthesis
vhere ammonia is oxidized.

3
N, + CH, + 5 0 —> HON + 3H,0 1)
N, + CH, ——) HCN + 3H, - 64 Kcal )

The second method of cyanic acid synthesis consists of passing a
wixture of hydrocarbons and smmonia over a catalyst heated to a high
temperature. (2) This reaction proceeds as showm in Eq. (2), the reaction
is endothermic, the products are cyanic acid and hydrogen, and it has the
advantage of not only producing relatively concentrated cyanic acid in
a single operation but of allowing easy separation of cyanic acid as a
result of the absence of a water-soluble acidic gas such as carbon dioxide
gas. The exhaust gas is rich in hydrogen, and it can be used either as
a source of hydrogen or simply for fuel. Our group undertook research
on the second method with the aim of increasing catalytic efficiency,
cyanjc acid yield, and of lowering the reaction temperature. The preseat
paper reports only on the basic studies performed with a fixed catalyst.

-l-

jes and
i“Availzble to US: Government Agengles

U. S. Government Contractors Oniys” ~



I1. Method of Experiment

The methane used in our experiment came from natural gas from
Mohara-machi in Chiba Prefecture, while the ammonia used was the usual
commercial grade available in cylinders. The composition of the natural
gas wvas as follows:

Table 1
Sample CH, co, H, N,
1 90.9 0.6 6.8 1.7
2 91.3 0.6 6.2 1.9
3 90.3 1.6 6.5 1.6
4 90.9 1.3 5.2 2.6

In the experiment, the flow method was used so that the cyanic
acid yield and the decomposition of the ammonia could be measured as a

function of time, in other words, the efficiency of the catalyst could
be investigated.

Figure 1.

The experimental apparatus is sketched in Figure l. Flow meters
(2) and (3) are used to accurately measure the smount of methane and
ammonia gases which are introduced into a fuzed quartz reaction tube
heated by the oven (4) with silicon carbide heater elements. The exhaust
gas escapes through the three-way cock (5) and the regulator (6). After
a stationary state has been reached, the cock is switched over and the
gas is alloved to pass for 60 minutes through a 207 NaOH solution (7)
and 57 H,S0, solution (8) in order to absorb all of the cyamic acid
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formed as well as the remnant ammonia gas. The residual gas is collected
(9)» its volume measured, and if necessary, it is analyzed. Following
this first 60-minute period of gas collection, the cock (5) is turned

and the gas is exhausted for 60 minutes with the reaction being permitted
to continue without any change, after which the reaction product gas is
again collected for another 60 minutes. In other words, the reaction
product gas was collected every other hour. Parts of solutions (7) and
(8)» which contain fixed cyanic scid and smmonia respectively, were
analyzed, the former by the Volhard and the latter by the Kjeldahl
method, and the cyanic acid yield and the degree of ammonia decomposition
were determined according to the following formulae:

Cyanic acid yleld = cyanic acid produced(mol)/ammonia
consumed (m01) x 100

Ammonia
ompo - 100- [HCN yield + ammonia recovered(mol)/
:::e sition ammonia consumed (mol x 100

Any carbon coming from the decomposition of the methane and deposited on
the catalyst was burat out by introducting air through the air floumeter
(1) This process will be referred to simply as "air burning"” during
the remainder of this paper.

I1I. Experimental Results

The catalyst used was either in the form of pellets, or small
particles crushed to about 3 mm size. About 35 cc of this was packed
into a 23 wm I.D. fuzed quartz reaction tube. The temperature near
the center of the reaction layer was maintained at 1050°C, with the rates

of flow of methane and ammonia being fixed at 200 cc/min and 100 cc/min
respectively.

1. Alumina as Catalyst

The alumina used was prepared according to Makishima's
method(3) and it was treated at 600°C in a flow of ammonia gas for 3
minutes. The results of cyanic acid synthesis using this catalyst are
as shown in Figure 1. It can be seen that the cyanic acid yield decreases
with time after resching an early peak, and there is no recovery even
following the air burning at 18 hours. The rate of ammonia decomposition
is seen to increase rapidly with decreasing cyanic acid yield. Reduced
catalyst activity is probably due either to sintering of the alumina, or
to transition of the alumina to a more stable form. This loss of catalyst
activity is even more pronounced, as can be seen in Figure 3, for
alumina prepared by precipitation from a pure sodium aluminate solution
at pH 7(HCl), this precipitate being filtered and rinsed on a suction
funnel. It is assumed that this drastic change in activity is due to
inadequate washing of the precipitate and the presence of impurities.
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The results of this experiment have at least indicated that the decrease
in catalyst activity might be awvoided by the addition of a second element
to the catalyst, and with this purpose in mind, the following experiment

was performed with an

60
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aluaina-silica two-component catalyst.
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2. Alumina-Silica Catalyst

This catalyst was prepared by adding HCl to an aluminum
chloride solution, further adding a measured smount of sodium silicate,
then precipitating aluminum hydroxide and silicic acid by titrating
smmonia water while stirring the solution. The precipitate was well
wvashed with water, dried, and pulverized. Different proportions of
silica to alumins, n-ely 1s 59 69 75 7.5, 10, 15, and 20 mol? were
tried, @ typical result being shown in Figure.4. Aside from the actual
differences in activity between the different mixtures, the general
trend for this catalyst is for the activity to have a maximum at between
4 and 8 hours, after which the activity declines gradually. If we take
cyanic acid yield averaged for the interval 4-to-10 hours and compare
the yield values for different mixtures, one obtains the result shown
in Figure 5, where the activity is maximum for a silica conteant of 7 to
7.5 mol%. This proves that silica does indeed improve catalyst activity.
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The characteristic time variation in the activity of this
alumina-silica catalyst, whereupon the activity gradually increases to
a maximum then slowly decreases, can possibly be explained by the
occurrence of a solid phase reaction between alumina sand silica at high
temperatures. In other words, activity is maximum during some inter-
medi ate unstable state, and the decline in activity is probably due to
the gradual formation of stable aluminum silicate. The following
experiment proves this assumption.

In the experiment, a mixture containing 7.5 molZ silica was
heated at 1050°C in a muffle oven, the batch was removed at certain
intervals, cooled, and pulverized. 2.00 gram of this was added to 50 cc
of 0.047% eosin solution, shaken, allowed to sit for 24 hours, and then
the clear solution was drawn off after centrifuging, and the amount of
eosin adsorbed by the catalyst was measured by means of colorimetry.

The relation between the length of time heated and the smount of eosin
adsorbed is showm in Figure 6, vhere it can be seen that there is
maximum adsorption for 3 to 6 hours of heating. The curve is quite
similar to that indicating catalyst activity, and it proves that with
the progression of a solid phase reaction between the alumina snd the
silicas a meta-stable intermediate state exists at which both adsorption
and catalyst activity are maximum, but following which period, the
system tends tovards stability and a decline in adsorption and catalytic
activity.

Despite the fact that alumina-silica can be quite efficient as a
catalyst for cyanic acid synthesis, its practical value was found to be
limited due to its lack of durability.

a5t

L =3
&

0
NA
¥

Figure 6

¢ 2 4 6 8 10|
.._..';rine (hours)

—p Adsorption

-6-



3. Alumina-Thoria Catalyst

As related in the previous section, silica was found to have
a solid phase reaction with alumina vhich was detrimental to its use as
a catalyst, and we therefore turned next to thoria which was expected
to less likely react with alumina.

This catalyst was prepared by adding a measured quantity of
sodium nitrate to aluminum chloride solution, then precipitating the
hydroxides of aluminum and thorium simultaneously by the addition of
ammonjia solution while stirring, and then the precipitate being thoroughly
rinsed. It was later discovered that even a better precipitate could be
obtained by adding thorium chloride or nitrate in HCl solution to sodium
aluminate solution. (/Note/: The experimental results using the last
method are given in a later paper.)

Six different mixtures of alumina and thoria were prepared, the
thoria content varying as 1, 2, 2.6, 3, 3.5, and 5 mol%. It was dis-
covered that thoria concentration had little effect on catalyst activitye.
and that, as shown in Figure 7, the cyanic acid yleld decressed gradually
with time but recovered with air burning. This apparently indicates
that the decline in activity is due to soot, from methane decomposition,
being adsorbed by the catalyst. The residual gas, that is, the gas
remaining after removal of smmonia and cyanic acid, amounted to about
28 liters/hour, and an snalysis of this residual gas, as shown in
Table 2, indicates considerable thermal decomposition of methane.

Table 2.
Nz Hz CH“
Early Peri“ 4.2 92.0 308
Later periOd 207 85.5 11.8
O—O ThOs 2.0 mol% x—x ThO32.6 MOl %
g 80_- HCN inld
z :ZWW
7 Alr
. 20 burning m::ing -
| o G 70 30 40 50 7] 70 80
Figure 7. =» Time (hours)
N!l3 decomposition
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Z 4 burnj:‘xg’ ‘Air burning
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The above experiments indicate that alumina-thoria prepared in
the manner described has roughly the catalyst characteristics suitsble
for cyanic acid synthesis from methane and smmonia.

4., Effect of Sulfur %unds (/Note/: Japanese Patent pending,
Declaration 195 .

Since sulfur compounds could be present in hydrocarbons used
as raw materials, such as in the case of petroleum cracking gas, the
effect of sulfur on cyanic acid yield was investigated by the deliberate
introduction of smali amounts of HS or carbon disulfide into the original
methane. Surprisingly, the yield of cyanic acid was found to be greatly
increased by the presence of sulfur. Since the use of either hydrogen
sulfide or carbon disulfide gave the same result, we used the latter
primarily in the current experiment. The apparatus shown in Figure 1
wvas modified so that methane and ammonia could be independently intro-
duced into the reaction tube, and the device shown in Figure 8 was
employed for the addition of carbon disulfide. In the latter figure,
(1) is the atomizer for the carbon disulfide, and the amount of vapor of
carbon disulfide is controlled by means of adjusting cock (2) and thus
regulating the flow of methane through the carbon disulfide.

‘Reaction tube

Figure 8.

In Figure 9 is shown an example of cyanic acid yield averaging sbout

60%Z with an alumina-thoria catalyst (thoria content 1 mol?), and how
this yield increases to 807 with the addition of carbon disulfide but
also decreases immediately to the original 607 level when it is dis-
continued. The sulfides added to the methane turn up in the reaction
product gas as hydrogen sulfide, and this is analyzed in the following
manner: The solution to be analyzed, which contains sodium cyanide and
sodium sulfide, is made alkaline with an excess of ammonia water, to
which is then added a measured excessive amount of 1/10 N-AgNO., solution.
The precipitate is filtered and well rinsed. The filtrate and rinse
water are combined and made acidic with 6N-HNO., which then precipitates
AgCN. This is filtered and rinsed, and the exdess Ag ifon in the new
filtrate and rinse water is then measured by the Volhard method. The
silver sulfide is dissolved in 6N-HNO,, thinned with water, and measured
by the Volhard titration method. If éhe AgNO3 added is V cc, the titrated
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value of silver sulfide is v_ cc, and the titrated amount of AgCN is
ccs then the smount of sflver ion consumed by the cyanide ion is

v
g‘f‘ycn by
vey{- (vs+vcu)

lo0t . %
Q R
g% / J:
> 80}
Q
= Wr €S2 Cs2\,

60k
T 733

] R R R TR

-y Time (hours)
Figure 9.

Iv. Conclusions

With respect to the process for cyanic acid synthesis involving
the reaction of methane and smmonia in a volume ratio of 2:1 at a
temperature of 1050°C, the results of research on catalysts for this
reaction are susmarized as follows:

(1) The ordinary alumina catalyst is unsuitable for practical
use from the standpoints of cyanic acid yield and durability.

(2) In the case of an slumina-silica catalyst, the silica dis-
tinctly aided the catalytic action, but despite the high cyanic acid
yield which could be obtained, catalytic activity declined with time
from which recovery could not be effected. The cause of this decline
in activity was attributed to a solid phase reaction between the alumina
and the silica.

(3) Alumina-thoria as a catalyst produced fairly high cyanic
acid yield. The decline in catalytic activity due carbon adsorption
vas easily remedied by air-burning of the carbon.

(4) It was discovered that a small amount of carbon disulfide
or hydrogen sulfide in the raw material gases increased the cyamic acid
yield considerably.

(Lecture presented at 8th annual meeting of the Japan Chemical Society,
April 1955)
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